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the genersl ccnclusion seens vious that the speed
reguired for spaceflight must be very high -- but
exactly now high? It i1s obvious also that to attempt

to answer this guestion by simply experimenting with

5

nigh speed projectiles and rockets until one was found

'SJ

-

which could circumnavigate the earth would be prohibi-
tively expensive and dangerous. Thus, as Goethe had
Mepnistopheles advise Faust on a very different problem, -
"We cannot storm the town, in short, so must to stratagem

resort." And the stratagzem for this impasse, as for
g o 9

N

“marv others in spaceflight, is mathematics. Indeed
) b

this particular problem was solved nearly three hundred
years ago by Isaac Newton as part of his general problem
cf motion mentioned above, and it turns out that the
required speed is just under 5 miles per second. Nowadays
we call the related field of physical science Mechanics,

and the applicable branches of mathematics are the

considering whether such a spacecraft travelling around
tne earth is or is not affected by forces other than
gravitatlon, such as air resistance. If there is gravita-
ticn alone (the slmpler cese) the scilentific field is

elestial mechanics, and all the mathematical
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thecries o rbital motion, worked out by Newton and his

¥
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Lowers Ifor natural celestigl objects, may be appiled
to the motion of an artilicial spacecralft to determine
redict its path in space. But, if the spacecraft
motion 1s affected in zddition by air friction, the
science ol aerodynamics, also founded by Newton, must
be included to develop a complete mathematical form of
tne spacecrafi's differential ecquation of motion.
rinally, since air friction depends on air dens;ty, we -
must loock to the science of geophysics to supply a model
Cf the earth's atmosphere so tnat the aerodynamic force
In the equation of motion will be a correct and workable

-

Tunction of the height above the earth of the spacecraft.
It turns out that, from theoretical considerations of
gravity Iforce and gas pressure, air density falls off
exponentially witn height, so the reguired function is

ferential equation of motion is

u,

Trarscencental. The di:
matnematical statement of Newton's second law of motiom,
in which the zscceleration 1s expressed as the second

derivative of position with respect to time, and the mass

and gll forces involved are functions of position and

Another mathematical characteristic of spaceilight
which distinguishes it from a1l other previous artificial
travel is that, on a large scale, it is fully three-

dimensional. All other movement planned by man is,
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reglatively, Jjust a creeping along or near the surface of
tne earih, tnat is, essentially travel with freedom in

~wo dimensions only. Indeed, except for exact considera-

tions of navigation on relatively long ocean and air
trips, the earth's surface could even be considered as

2t -- just as it always was before Columbus. Even air

travel usually follows the earth's surface within ten
miles -- much less than deviations from the’true spheri-
cal shape of much of the earth's surface. dnly with
vacellignt did man really achieve three degrees of
Ireedom In artificisl wotion.

Trus since the positions and motions of space-
craft must be studied and described in three dimensions,
the mathematiclan so engaged must be familiar and expert
with Solid Ceometry in all its forms and ramifications.
CT course, the Cartesian enalytic geometry is most

4

ne usual mathematical formula-

4 4

important here as being T
Tion of anelytic mechanics for studying motion. However,
The more general conceptions of the Buclidean approach

to Sciid Geometry are often especially useful in large-

cverall situation before tearing it into unrecognizable
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oy algebraic and numerical analyses. Study of
conic sectlons in secondary school geometry is a most

valuadle basis for mathematical work on problems of
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spacefiight orbits about spheroidal bodies, which are

b
[N

undamentally conic section curves and surfaces of

A particular field of basic importance for any
study of outer space -- or even for navigating far

reacnes of the oceans and air of the earth ~-- 1s the

immaterial, ayppears to us as a blue sohere with the,
observer at its center. Hence, for precise discussion
of relative positions and motions of heavenly bodies,
matnermztical astronomy has, for many centurles, found
spherical geometry and trigonometry most useful --
indeed, it 1s likely that these branches of mathematics
were invented largely for this purpose. Landmarks
guring spvecellight can be ncthing but the apparent

~

directions of celestial bodies. We are fortunate,

therelore, that the zccumulated fund of knowledge and
rractice in spherical astronomy stands realy, after

but little adeptation, for application to mathematical
problems of spaceflight.
So far we have been trinxing only of the trans-

ational motion of a spacecrait, that i1s, the velocity

-

and azcceleration of its center of gravity point. 3But
the rotational motion of the body of the spacecralt is

just as important, not only to plan for and to control



- - ; ~, .

goozrd are pointing where we want them to. Thus the

TV camera aboard must be poiniting to interesting parts
¢, szy, the Moon, Venus, or Mars, while at the same
time Iis directional antenna is pointing toward the
earth, so that we may get the valuable pictures such

as those wnich were returned to us from Ranger VII.
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1ts direction of sensitivity

maxes just the correct angle

=

ith cemera or rocket, so

, 1f 1t is pointed toward a particular celestial
cbject, camera and rocket will be correctly oriented.
You zay recall that the spacecraft Mariner IV, now
headed for Mars, was rotated by small tangential rockets
attachec to it until ifs photo-sensor pointed toward the
star Canopus. To design this situation reguired Svhericsl
‘rigonometry and Astronomy to calculate the spatizl
orientation of Cancpus with respect to the required
spacecralt orbit. This orbit, in turn, had to be
piznned using the Differential Fguations of Celestial
Mechanics, wnile the accelerations given to the space-
probe Dby its attached rockets could be computed only

oy using the mathematical theory of rocket mechanics.
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and predicted mathematically using chemical thermo-~
dynamics theory of the burning fuel, gas dynamics theory
tne effect of engine throcat shape, etc. Like any
otner structure,of course, the rocket as a whole must
&.1s8C be designed,using the mathematics of Analytic
Mechanics, To make sure that its mechanica¢-strength‘i§
flicient to withstand 21l stresses imposed by forces
acting on 1t, but, since for spaceflight the condition
ol minimum necessary weight is so crucial, the mathe-
matical theory used here must be unusually careful and

rrecise.

The rotational motion of & craft in the zero-

3

ravity of ocuter space has a condition of complete

[04¢}
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reedonm which is entirely beyond our experience on the

ways produces interfering

1

ground, where gravity a
torgues. As a result of this freedom, the axial rotation
of a satellite, after many days and weeks in orbit arounad
the earth, showssurprisingly large changes of speed and
direction due to continued aepplication of torgues so

as to pe completely negligible in the mechanics of
an earth-bound rotor. An example of such effect is the

many sateliites' rotation



2 per sccond 1s ooserved to be the
further decrease from 2 per second

Even before there

S

|

- T 2 o < - ~ " 1
cdecline of the logarithm

|

|

L . s 44
time. Thus, the Tim

to AN 2=1.k

were any artificial satellites, mathematical

dlscussions had predicted such an effect as due to an elcectro-

rgue induced by the magn

etic field of the ezrin

ateliite just as the rotor of an induction

LOTor is turned by the rotating magnetic field of the statcr.

4

=i order to chec

¥ thls theory azgainst t

nhe rotational history

magnetism, oI the earth's

O actuzl satellites, it was necessary to apply a combination
O the math tics of electricity and
magnetic fleld, as well as of the orbit of the satellite in

cuestion.
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zn appreciable effect,
g inciuded in tThe calculation of

Tnhis force may become very importar

Llthougn the atmosphere several hundred miles -

its retarding force on spacecraft ¢

s
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a complicating factor whicn must

orpits and rotaticn.

nt at lower levels when,

as on reentry of the Project Mercury capsules, it was
necessary to compute the exact position of landing in
order to salvage the astronaut. For this occaslon, as
for planned entry into atmoszheres of other planets such

as Mars, the frictional heating must also be computed
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The recessity cf continually following all ob
r nave been put into orbit has required the regular
emplcyment of a number of power‘ul electreonic digital
comruters to predict future motion from observed positions.
~arge numbers of matnematicians are active here at devic-
ing mathematical programs in the fields suggested =zbove,
and also to check on the performance and to intervret.th
numerical results produced by the machines. For any such

ive computation operation the field of mathemastics

U)

known as Numerical Analysis is necessary for efficient
achievement of meaningful results. By means of Computer

Science 1t may also be possible to devise g useful

adaptation of the available m%bn$ne to the speclal mathe-

u
Cplimum Trajectory Programming, that is, planning the
amounts and cirectlions ol launching rocket thrust so

as to acnlieve the reguired ortit for the spacecraft with
a minimum of weight and consumption of fuel. In such
iscussion all phases of rocxet engineering as well
clence are potentially involved. A related
guestion is that of Reliabiliity, a complicated problem
inveiving combinations of the probabilities

of ITailure of the many hundreds of thousands of varts of

the rockel and its auxiliary instruments. Such mathematical
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investitigations made in advance ol actual spaceflight
may pessitly save mililons of dollars, as well as, if
tne spacecralit be meanned, one or more lives.

e

There are many other examples of possible appli-

cation of various branches of mathematics to the fields

m

ol sclence and technoliogy which are more or less essen-
tial To spaceflignt. TUnder eacn such exampie dozens

of problems recguiring mathematical thought and techniéués
ready &arisen and will continue to arise as
estrcnautics develops new ideas and objectives. Thus

the Tuture mathematlicians who will take Interest in
applying their art to spacefiight will have an indefinite

TUmber of new and interesting worlds to concuer.
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